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FOREWORD 
T h i s  i s  the f inal  report  of  work conducted i n  the labora- 
t o r i e s  of the Materials Science Department, State University of 
New York, Stony Brook, New York, d u r i n g  the period June 1 ,  1972, 
t o  September 30, 1976. Par t ic ipants  i n  the project  included the 
project  director ,  Professor  Leslie L.  Seigle ,  and research assis-  
t an t s  B.K. Gupta, A.K. Sarkhel, S. Shankar, and R. Sivakumar. The 
report  is based on the Ph.D.  theses of these students, par t icu lar -  
l y  t h a t  of B.K.  Gupta. Dr. S.R. Levine o f  the NASA Lewis Research 
Center, who served as  project  manager, i s  thanked f o r  f u r n i s h i n g  
the N i - A 1  al loys used i n  the  diffusion studies and a l s o  f o r  his 
suggestions concerning the gas diffusion rate constant calculations. 
Contribution of some  Ni-A1 al loys by the Materials Engineering and 
Research Laboratory of the Pratt & Nhitney Division of United Tech- 
nologies Corporation is  gra te fu l ly  acknowledged. 
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SUMMARY 
A study has been made o f  the kinetics of pack aluminization o f  
unalloyed nickel i n  packs o f  varying aluminum ac t iv i ty  w i t h  various 
halide activators over the temperature  range 800-1093°C. The ac t iva tors  
investigated  included AlF3, NaF,  NaCl and  NaI.  The  aluminum a c t i v i t y  
of the packs was varied by varying the ratio o f  A1 t o  Ni i n  the pack 
powders from 45 a/o A1/65 a/o Ni t o  100 a/o Al. The surface compositions 
of the coatings were obtained as functions of time, temperature and 
pack composition by electron microprobe analysis ,  i n  order  to  es tabl ish 
the boundary condi t ions for  diffusion i n  the system.  In addition, weight 
gains of the specimens were measured and studies of the structure of the 
packs were carr ied out  t o  fu r the r  c l a r i fy  the mechanism of aluminization. 
In order to correlate rates of coating formation w i t h  d i f f y s i v i t i e s  
in  the sol id ,  the var ia t ion of  the interdiffusion coeff ic ient ,  D ,  w i t h  
composition i n  the s(NiA1) phase of the A1 -Ni system was determined over 
the  range 850-1150°C. Additional  diffusivity  data were also  obtained  for 
other phases in this system. 
The above studies indicated that i n  packs activated with AlF3, NaF 
and NaCl the A1 concentration of the surface o f  the coating reached a 
steady value i n  a short  period o f  time, which remained almost constant, 
under most circumstances, for the duration of the coating  process. This 
surface concentration, however, was not  identical  w i t h  the  pack A1 concen- 
t r a t ion  b u t  f e l l  below the pack concentration by' various amounts, depend- 
ing  primarily upon the pack A1 ac t iv i ty  and type of activator used. The 
square of the weight gain of the specimen during coating was usually found 
t o  vary linearly  with  time.  Highest  surface A1 concentrations and coating 
ra tes  were obtained with the fluoride activators, followed by the chloride 
and then  the  iodide. The performance of the iodide activator was  much 
poorer than the fluoride and chlor ide act ivators .  
Examination of the  s t ruc ture  of pure A1 packs after coating revealed 
the presence of an Al-depleted zone i n  the pack adjacent t o  the coated 
specimen. The weight o f  A1  l o s t  from this depleted  zone,  calculated from 
i t s  dimensions, agreed closely w i t h  the measured weight gain of A1 by 
the specimen.  This r e s u l t  i s  i n  agreement  with  Levine and Caves model 
for  the kinet ics  of A1 transport  in the pack by diffusion o f  aluminum 
ha1 ide vapors. By combining Levine and  Caves model f o r  gaseous diffusion 
i n  the pack w i t h  calculations o f  ra tes  of sol id  diffusion i n  the coating 
a more complete theory for the kinet ics  o f  pack aluminization was formu- 
la ted.  Using avai lable  thermodynamic and d i f fus iv i ty  da ta  theore t ica l  
ra tes  of a1 uminization of Ni were calculated for packs of varying A1 
ac t iv i ty ,  type  o f  ac t iva tor  and operating  temperature.  Theoretical  pre- 
dict ions were in reasonably good agreement with experimental r e su l t s  and 
i t  i s  f e l t  t h a t  the theory formulated supplies a good basis for estimating 
the influence of processing parameters upon ra tes  o f  aluminization under 
many conditions, 
INTRODUCTION 
A1 uminide coatings are frequently used t o  improve the oxidation - 
corrosion resistance and extend the l i f e  of  superalloy blades and 
vanes a t  h i g h  temperatures i n  gas turbines. Such coatings may be 
applied by a var ie ty  of methods b u t  the pack - "cementation" method 
has proven t o  be a simple and useful technique for depositing aluminide 
coatings on superalloys and i s  widely used commercially. While there 
is a f a i r l y  extensive l i t e r a t u r e  on pack aluminizing, our understanding 
of this process i s  s t i l l  f a r  from complete. An examination  of  the 
aluminizing of nickel-base superalloys and unalloyed nickel by Goward, 
Boone and Giggi ns ( r e f .  1 ) and Goward and Boone ( r e f .  2 )  led t o  the 
conclusion that Ni2A13 i s  the main coating phase formed i n  high aluminum 
ac t iv i ty  packs a t  low temperatures, while NiAl i s  the principal phase 
occurring in coatings formed i n  low  a1 uminum a c t i v i t y  packs a t  high 
temperatures. An analysis o f  the thermochemical  fundamentals  of pack- 
a1 umi n i  zing was carr ied  out  by  Wal s h ( r e f .  3 )  leading t o  some qual i t a -  
t i  ve conclusions about pack design. Bril l -Edwards and Epner ( r e f ,  4 )  
interpreted discont inui t ies  i n  coatings formed on superalloys i n  terms 
o f  various material  transfer mechanisms. By f a r  t h e  most def in i t ive  
study of the pack-aluminization process t o  date was carr ied o u t  by 
Levine and Caves ( ref ,  5 ) .  These workers invest igated  the  effects  o f  
pack variables on the formation of coatings on the nickel-base superalloy 
1N-100 and analyzed their  resul ts  i n  terms o f  a theoret ical  model for 
gaseous  diffusion i n  the -pack. They concluded that  diffusion i n  the 
sol id  control led the ra te  o f  coating formation in packs activated with 
NaF,  NaCl and NH4F, while gaseous diffusion was controll ing in packs 
act ivated w i t h  o ther  sodium and amnonium halides. 
While various aspects of the aluminization process have been c l a r i -  
f ied  b.y these invest igators ,  a rigorous and complete analysis has n o t  
y e t  been carr ied o u t .  In the above s tud ie s ,  fo r  example, i t  i s  c l ea r  
that  the surface o f  the coating under formation was n o t  i n  equilibrium 
with the pack. I t  must be questioned,  therefore,  whether  diffusion  in 
the s o l i d  was a t  any time en t i re ly  ra te  cont ro l l ing .  Constancy of 
composition a t  the surface o f  the coat ing,  a cr i t ical  condi t ion for  
diffusion  control,  was not  demonstrated. The relat ionships  between 
rates of coating formation and so l id  s t a t e  d i f fus iv i ty  va lues  in  the  
coating-substrate  systems  could  not be evaluated w i t h  p r ec i s ion .  I t  
appeared, therefore,  that  our  understanding of  the kinet ics  o f  pack- 
aluminization was s t i l l  incomplete and fur ther  work was required t o  
c la r i fy  the  de ta i  1s of this  process. 
The purpose of this study was t o  develop a ful ler understanding of  
the factors control 1 i n g  the kinetics of the pack-a1 uminization process 
and i n  par t icu lar  to  cor re la te  ra tes  o f  coating formation and coating 
s t ruc tures  w i t h  the  basic  diffusivitv  parameters o f  the  so l id .  To 
achieve this aim a study was conducted of  the aluminization of unalloyed 
nickel from packs of  control led a1 uminum act ivi ty  over  a range of 
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operating conditions. The boundary conditions for diffusion i n  the 
so l id  were investigated by determining the time variation of the compo- 
s i t i o n  o f  the surface of the coating through microprobe analysis. A 
rigorous calculation o f  rates of coating formation was carr ied out ,  
using d i f fus iv i ty  da ta  ava i lab le  for  the A1-Ni  system, and by combining 
these r e su l t s  w i t h  Levine and Caves model f o r  gaseous diffusion i n  the 
pack, a more complete description of the kinetics o f  the pack-a1 uminiza- 
t i o n  process was obtained. 
EXPERIMENTAL PROCEDURES 
Pack-A1 umi n i  zi  ng 
Pack-aluminizing was carr ied out  i n  cy1 indrical  iron retorts , 3.4 cm. 
l.D. x 12.5 cm. long, heated in a res is tance furnace f i t ted with an 
Inconel tube of 5 cm. 1 .D.  The r e to r t s  were closed with a s l  i p - f i t t ed  
iron  cap  (Fig, 1 )  and thus were n o t  t ight ly  sealed.  Most r e to r t s  were 
f i t t e d  with an impervious alumina l i n e r  t o  minimize reaction with the 
r e to r t  wa l l ,  The packs consisted of powder mixtures of 99.5% pure Al, 
Ni, o r  A1-Ni  al loy,  various activators,  and A1203 a s  i n e r t  f i l l e r ,  The 
average particle size of the A1 powder  was 15-1 7 pm, tha t  o f  the  N i  pow- 
der 4-7 vm and of the A1203 powder 5 pm. Activators included chemically 
pure AlF3, NaF,  NaCl and NaI which were  ground in  a mortar and pes t le  
before be ing  added t o  the pack. Cy1 i nders of commercial grade Ni (99.4 
w/o Ni ) 1 cm diameter and 1 cm. long were used as the specimens t o  be 
coated. A1 1 a1 umi nizi  ng runs were carr ied o u t  i n  an atmosphere of 
prepuri f i  ed hydrogen. 
Prior t o  use i n  the coating experiments the retorts were conditioned 
by heating for several days wi t h  a pack of the same composition in order 
t o  a1 uminize the inter ior  wal ls .  When a1 loy packs were used (those con- 
taining b o t h  N i  and A1 powders) the pack was pretreated for  10-20 hours 
a t  1093OC to ensure complete reaction between the N i  and A1 before use 
in the coating experiments. The r a t io  o f  metal t o  non-metal i n  the pack 
was varied  according  to pack Al/Ni r a t io .  For packs with Al/Ni ra t ios  less  
than 70 a/o Al, the packs usually contained 48 w/o A1 + Ni, 48 w/o A1203 
and 4% act ivator .  The metal t o  non-metal r a t i o  i n  packs w i t h  higher 
Al/Ni r a t io s  was decreased i n  order to avoid problems with me1 ti ng i n  the 
pack,  reaching a m i n i m u m  o f  a few w/o i n  pure A1 packs. A steady flow  of 
hydrogen (about .05 cm3/sec) was maintained d u r i n g  the coating operation. 
Coating temperatures ranged from 800 - 1095°C  and times from 1-70 hours. 
The Ni specimens were prepared by polishing w i t h  f i ne  emery paper and 
degreasing in acetone prior to coating. Normally two o r  three specimens 
were stacked a t  equal in te rva ls  i n  the center of the pack. After coating 
the samples were cleaned by b r u s h i n g  w i t h  a s t iff  nylon brush and by 
ultrasonic treatment in acetone. The w e i g h t  gains  of the samples were 
measured. Some samples were prepared for metallographic examination and 
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surface composi t ion analysis.  
Surface Composi t ion Analysis - The su r face  compos i t i on  o f  t he  coa t -  
i n g  was obtal 'ned by microprobe analysis a t  5-10 l o c a t i o n s  i n  g r a i n  
i n t e r i o r s  o n  t h e  c e n t e r  p o r t i o n  o f  t h e  end surfaces o f  t h e  N i  c y l i n d e r s ,  
The ARL-AMX e lec t ron  mic roprobe was opera ted  a t  15  kv  f i l amen t  vo l tage  
and 0.015 vA sample c u r r e n t  o n  b r a s s .  I n t e n s i t i e s  o f  Ni-Ka and A1-Ka 
l i n e s  w e r e  e v a l u a t e d  w i t h  r e s p e c t  t o  d i g i t a l l y  i n t e g r a t e d  p r o b e  c u r r e n t  
i n s t e a d  o f  t i m e ,  i n  o rde r  to  m i .n im ize  e r ro rs  due t o  i n s t a b i l i t y  and d r i f t  
o f  t h e  c u r r e n t .  .Raw in tens i ty  counts  were  cor rec ted  and conver ted  to  
composi t ions  using  Colby's MAGIC program  ( re f .   6) .  Two samples o f  
homogeneous Ni-A1 a l l o y s  were  used as standards. One conta ined 
68.3 2 0.2 w/o N i  and 31.1 k 0.2 w/o A1 by  wet  chemical  analysis. The 
o ther  conta ined 13.5 f 0.2 w/o A1 . 
RESULTS 
K i n e t i c s  o f  A lumin iz ing i n  A1-Ni A l l o y  Packs 
The v a r i a t i o n s  o f  t h e  s u r f a c e  c o m p o s i t i o n  and square o f  t h e  s p e c i f i c  
we igh t  ga in  vs. t ime o f  n i c k e l  specimens  a1 umin i zed  a t  1093°C i n  packs 
con ta in ing  A1 and N i  i n  var ious   p ropor t ions   a re  shown i n  F igs,  2-5. It 
may be  seen t h a t  w i t h i n  a s h o r t  p e r i o d  o f  t i m e  ( t i m e  was measured from 
the  moment t h a t  t h e  r e t o r t  was pushed from a c o l d  end i n t o  t h e  h o t  zone 
of  the furnace) the surface composi t ion reached a steady value which 
remained almost constant for  t imes exceeding 20 hours. The square of 
t h e  s p e c i f i c  w e i g h t  g a i n  v a r i e d  l i n e a r l y  w i t h  t i m e  d u r i n g  t h i s  p e r i o d ,  
e x c e p t  f o r  a s h o r t  i n i t i a l  p e r i o d  o f  s l o w  g r o w t h  w h i c h  may i n  most 
cases  be i d e n t i f i e d  w i t h  t h e  t i m e  f o r  t h e  r e t o r t  t o  come to temperature.  
The obse rved  k ine t i cs ,  t he re fo re ,  t o  a  good approx imat ion  fo l low the  
laws o f  d i f f u s i o n  f r o m  a sur face o f  cons tan t  compos i t ion  in to  an 
i n f i n i t e l y   e x t e n d e d  medi urn.* 
Whi le  the sur face A1 concent ra t ions  observed were  prac t ica l l y  t ime 
i n v a r i a n t ,  t h e y  d i d  n o t  c o r r e s p o n d  e x a c t l y  t o  t h e  pack A1 concentrat ions , 
b u t  f e l l  b e l o w  t h e s e  t o  v a r y i n g  degrees, The r e l a t i o n  between  the A1 
c o n c e n t r a t i o n  a t  t h e  s u r f a c e  o f  t he  coa t ing  and t h a t  i n  t h e  pack i s  g iven 
i n  Fig.  6. The heavy l i n e  i n  t h i s  f i g u r e  g i v e s  t h e  r e l a t i o n s h i p  between 
sur face  concent ra t ion  and  pack c o n c e n t r a t i o n  t o  be expected i f  the  
s u r f a c e  o f  t h e  c o a t i n g  were i n  e q u i l i b r i u m  w i t h  t h e  pack. Hor i zon ta l  
p o r t i o n s   o f   t h i s  1 i ne correspond to two-phase regions i n  the  A1 - N i  phase 
e q u i l i b r i u m  diagram.  Surface  compositions o f  specimens coated i n  packs 
"rice .the   t h i ckness   o f   t he   coa t i  ngs was - cm w h i l e   t h e  specimen 
diameter was 1 cm., t he  d i f f us ion  p rob lem can  be t r e a t e d  as v i r t u a l l y  
l i n e a r  d i f f u s i o n  i n t o  an i n f i n i t e l y  e x t e n d e d  medium. 
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activated w i t h  A l F 3  and NaF fal l  c lose together  a t  values  5-7 a/o below 
the equilibrium values,  Surface  compositions i n  packs act ivated w i t h  
NaCl f a l l  s l i g h t l y  below those obtained i n  fluoride activated packs, and 
surface compositions obtained i n  NaI activated packs a re  subs tan t ia l ly  
below the nominal pack compositions. Differences among the ac t iva tors  
a re  pa r t i cu la r ly  c l ea r ly  i l l u s t r a t ed  i n  the results obtained w i t h  packs 
us ing  comnercial preal 1 oyed 70 a/o A1 30 a/o N i  (Raney a1 loy) shown i n  
F ig .  5 i n  which i t  may be seen tha t  the highest surface compositions 
and most rapid weight  gains were obtained w i t h  Al  F3 and NaF as   ac t i  va- 
tors followed by  NaCl and NaI . 
Since i t  was expected that  losses  of  A1 by diffusion into the speci- 
mens, re tor t  wal l s  and possible losses through the vapor  phase would 
b r i n g  the actual Al/Ni ra t ios  of  the packs below the nominal r a t io s ,  an 
e f f o r t  was  made t o  determ’ne the actual  ra t ios  by microprobe analysis 
of the pack metal l ic  const i tuents  a t  var ious s tages  of  the coating 
process. In order t o  accomplish this ,  port ions o f  the pack were 
impregnated, i n  s i tu ,  w i t h  caLalvtically  hardening epoxy resin. These 
specimens were then prepared i%r examination bv standard metallographic 
procedures.  Fig, 7 reveals  the dis t r ibut ion o f  a l loy  par t ic les  i n  AlF3 
act ivated packs  of  varying Al/Ni r a t i o s  a f t e r  10 hrs. a t  1093OC. Since 
only A1 i s  t ransferred t h r o u g h  the vapor phase during heat treatment, 
the  par t ic le  d i s t r ibu t ion  re f lec ts  the  or ig ina l  d i s t r ibu t ion  of  the Ni 
par t ic les .  As the A1 / N i  r a t io  increases ,  both the interparticle spacing 
and the particle size increase as expected, 
The composition o f  individual particles was determi x d  by microprobe 
analyses. For the sake  of  accuracy  only  patches  exceeding 5 urn i n  
diameter i n  the cross sections were subject  to  analysis .  The average 
compositions are  given  in  Table 1 and Fig. 8. I t  may be seen tha t  there  
i s  a loss  of 2-3 a/o A1 from the pack during pretreatment and another 
loss o f  about 1 a/o A1 during coating so that  the actual  pack composi- 
t ion i s  3-4 a/o A1 below the nominal composition. 
However this loss of A1 i s  s t i l l  not large enough to account for 
the observed divergence of the composition of the specimen surface from 
t h a t  of the pack and i t  appears that a small b u t  appreciable difference 
exists between the Ni :A1 r a t i o  i n  the  pack and t h a t  a t  the specimen 
surface d u r i n g  the coating process i n  these packs. 
Kinetics of A1 uminizina i n  Unalloved A1 Packs 
The variation of surface composition and square of specific weight 
gain vs. time of specimens a1 uminized i n  packs containing una1 loyed A1 
i s  shown i n  F igs ,  9-1 2. A t  1000 and 1093°C i n  packs charged with 4 w/o A1 
and 4 w/o activator (Figs.  11 and 12), except for an i n i t i a l  t r a n s i e n t  
period surface compositions were again time invariant w i t h i n  a percent 
o r  two and the plots  of  specif ic  weight  gain squared vs. time approxi - 
mately linear. (The 1 ines f o r  A l  F3 and NaF i n  F i g .  1 2  are  shown dotted 
and no surface composition data are given because the specimen surfaces 
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melted dur ing  the coating  process i n  these packs a t  1093°C. Furthermore 
i r regular  surfaces  on the specimens t rea ted  i n  NaI act ivated packs a t  
1000°C are  responsible  for  the wide s c a t t e r  i n  measured surface composi- 
t ions shown i n  F ig .  11.) A t  900°C (Fig. 10) surface compositions. were 
once more subs tan t ia l ly  time invariant  b u t  the w2 vs. time relationships 
departed from l i n e a r i t y  t o  a greater degree than previously observed, 
The curves e x h i b i t  a period of i n i t i a l l y  low rate  constant  which i s  
more extended than can be accounted for by time required t o  reach 
temperature  alone. A t  800"C, also,   (Fig.  9 )  the coating  rates  did  not ' 
s t r i c t ly  fo l low a l i nea r  w 2  vs. t relat ionship and a more appreciable 
change of  surface  composition w i t h  time i s  observed.  In  case o f  AlF3 
act ivated packs these discrepancies seemed t o  be associated w i t h  the  
condensation  of AlF3 a t  the specimen surface.  A t ight ly  adherent  layer  
of pack material was observed on many of the surfaces  af ter  coat ing 
a t  800 and 9OO"C,  as shown i n  F ig .  13. X-ray image scanning  carried 
o u t  w i t h  the microprobe proved tha t  this layer contained a h i g h  percent- 
age o f  f luorine.  On the other  hand,  specimens  coated a t  higher tempera- 
tures  were r e l a t ive ly  f r ee  o f  adhering pack material .  As discussed 
l a t e r ,  condensation of the activator at  the coating surface is expected 
t o  occur and i t  is  eas i ly  v isua l ized  tha t  the condensate might f i l l  the 
pores i n  these packs and help to  c rea te  an impervious layer which impedes 
fur ther  t ransport  o f  A1 to  the  specimen surface. The e f f ec t  of  varying 
the amount of AlF3 i n  packs operated a t  900°C tends to bear out this 
explanation since i t  wil l  be observed i n  F ig .  14 t h a t  w i t h  1 w/o AlF3 
normal kinet ics  were obtained i n  4 w/o pure A1 packs a t  900°C while the 
use of 6 w/o AlF3 led  to  a drast ic  reduct ion i n  the rate of aluminiza- 
t ion.  A t ightly adherent layer of pack was observed on the surface of 
the specimens coated i n  the 6 w/o AlF3 pack, b u t  not on the specimens 
i n  the 1 and 4 w/o AlF3 packs (Fig. 15 ) .  However, a s imi la r  condensa- 
t i o n  of ac t iva tor  was n o t  obtained w i t h  the other ac t iva tors  and a l l  
detai ls  of  this phenomenon are  n o t  ye t  c l ea r ly  understood. 
F igs .  9-12 show c lear ly  the order o f  effectiveness of the various 
ac t iva tors ,  s ince  w i t h o u t  exception, AlF3 yielded the highest coating 
rates, followed by  NaF,  NaCl and NaI i n  that  order .  Data f o r  NaI were 
not included i n  Figs .  9 and 10 because the occurrence o f  very poor 
surfaces on specimens coated in packs w i t h  this a c t i v a t o r  a t  800 and 
900°C led  to  d i f f icu l t ies  i n  measuring the surface compositions and 
weight gains,  liata  for NaCl are  absent from F i g .  9 f o r  the same reason. 
I t  will be observed tha t  the highest value of surface A1 concentra- 
t ion is obtained i n  A l  F3 act ivated packs w i t h  successively lower values 
appearing  in NaF,  NaCl and NaI act ivated packs. The surface A1 
concentrations obtained with various activators and a t  various tempera- 
tures range for the most par t  from about 36-62 a/o A1 corresponding t o  
compositions i n  the N i A l  and Ni2A13 phase f ie lds .  However the evidence 
fo r  l i que fac t ion  a t  1093°C (Fig. 16) suggests tha t  even higher surface 
A1 concentrations were produced i n  AlF3  and NaF act ivated,  pure A1 packs 
a t  this temperature. 
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Macrophotographs of impregnated and sectioned 4 w/o A1 packs wi th 
v a r i o u s  a c t i v a t o r s  a f t e r  c o a t i n g  a t  1000  and 1093°C are given i n  Fig. 17 
and 18, showing t h e  r e g i o n s  a d j a c e n t  t o  t h e  c a v i t i e s  o r i g i n a l l y  c o n t a i n -  
i n g  t h e  N i  specimens. The 1 i g h t  c o l o r e d  r i n g  a r o u n d  t h e  c a v i t i e s  
represents zones depleted i n  A I . *  The  edge o f  one o f  t h e s e  zones i s  
shown a t  h i g h e r  m a g n i f i c a t i o n  i n  F i g .  18, and it may be  seen t h a t  A1 
p a r t i c l e s  a r e  p r e s e n t  i n  t h e  u n d e p l e t e d  pack, t o  t h e  l e f t ,  w h i l e  no such 
p a r t i c l e s  a r e  e v i d e n t  i n  the depleted zone, t o  t h e  r i g h t .  The  amount o f  
A1 l o s t  f r o m  t h e  d e p l e t e d  zone, c a l c u l a t e d  b y  mu1 t i p l y i n g   t h e  volume o f  
t h i s  zone (ob ta ined  f rom the  d imens ion  o f  t he  r i ng )  by  the  o r ig ina l  pack 
A1 d e n s i t y   i s  compared i n  Tab1 e I1  wi t h   t h e  measured w e i g h t  g a i n  o f  t h e  
coated specimen, It may be  seen tha t  a lmos t  a1 1 (average  96%) o f  t h e  A1 
which has en tered  the  coat ing  has come f rom the depleted zone. 
DISCUSSION OF RESULTS 
The presence o f  a depleted zone ad jacen t  t o  the  coa t ing  su r face  
and t h e  f a c t  t h a t  t h e  A1 gained by the specimen comes a l m o s t  e n t i r e l y  
f r o m  t h i s  zone, c o n f i r m s  t h e  e s s e n t i a l  v a l i d i t y  o f  t h e  gaseous d i f f u s i o n  
model o f  L e v i  ne and Caves ( r e f .  5)  f o r  t r a n s p o r t  o f  A1 i n  t h e  pack, I n  
t h i s  model i t  i s  assumed t h a t  A1 i s  t ranspor ted f rom the pack to  the 
spec imen sur face  by  d i f fus ion  o f  gaseous aluminum hal ides through a 
depleted zone o f  s t e a d i l y  i n c r e a s i n g  w i d t h .  Under the assumpt ion that  
t he  A1 a c t i v i t y  a t  t h e  c o a t i n g  s u r f a c e  i s  a constant, a pa rabo l i c  
r e l a t i o n s h i p  i s  o b t a i n e d  between t h e  amount o f  A1 t rans fe r red ,  Wg (gms/cm ) , 
and t ime, t (seconds), 
2 
W = K  t 2 
9 9  
where 
I n  these  equations p = pack A1 d e n s i t y  (gms/cm ) ,  M = gram atomic weight 
o f  A1 , E and 1 a r e  c o r r e c t i o n  f a c t o r s  f o r  t h e  d e n s i t y  and t o r t u o s i t y  o f  
the  porous  pack, D i s  t h e  gas i n t e r d i f f u s i o n  c o e f f i c i e n t ,  P and P' are  the  
equi l ibr ium vapor  pressures i n  the  pack  and a t  the  coat ing  sur face ,  resp .  
and a i  i s  a s t o i c h i o m e t r i c  f a c t o r  i n t r o d u c e d  t o  a l l o w  f o r  t h e  f a c t  t h a t  
some of the A1 t r a n s f e r r e d  t o  t h e  s u r f a c e  may condense i n  t h e  f o r m  o f  
2 
*The f a c t  t h a t  t h e  u n d e p l e t e d  pack appears gray i n  c o l o r  w h i l e  t h e  
depleted zone i s  a lmost  whi te  may be a t t r i b u t e d  t o  d i s c o l o r a t i o n  o f  t h e  
A1203 i n  the  presence  o f  a h igh A1 a c t i v i t y .  Loss o f  A1 t o  t h e  r e t o r t  
w a l l  has e v i d e n t l y  a1 so occur red  a t  the  c i rcumference 'o f  the  pack. 
7 
aluminum halide rather than entering the specimen. The summation i s  
carr ied over  a l l  d i f fusing species .  
The experimental data obtained i n  the present work ind ica te  tha t  
the surface composition (and therefore the surface A1 ac t iv i ty)  of  the  
coating i s  often nearly time independent, as assumed by Levine and Caves, 
b u t  i t  does  not have  a fixed value. The surface A1 concentration varies 
with var ia t ions i n  pack operating parameters such as A1 content and 
type of act ivator .  Specif icat ion o f  this unknown surface  concentration 
is essential  to completely define the kinetics of the coating process.  
I f  the surface concentrat ion is  time i n v a r i a n t ,  i t s  value may be 
calculated from a knowledge of the solid as well as gas diffusion 
constants  of  the  system  (ref. 7 ,  8 ) .  This  calculat ion is  based on the 
f a c t  t h a t  i n  the presence of a constant surface composition, assuming 
unidirectional diffusion i n t o  an i n f i n i t e l y  extended medium, the rate  
of diffusion i n  t he  so l id  i s  a l s o  governed by a parabolic relationship,  
2 Ws = Ks t 
where Ws represents the amount o f  A1 which has diffused i n t o  the s o l i d  
in  time, t. In this expression Ks i s   the   parabol ic   ra te   constant  fo r  
diffusion i n  t he  so l id ,  which depends upon the phase  boundary concentra- 
tions and d i f fus iv i ty  cons tan ts  o f  the phases appearing i n  the coating, 
as well as the A1 concentration a t  the surface.  I n  order  for  a steady 
s t a t e  t o  ex i s t  a t  t he  su r face  i t  i s  necessary that 
2 
2 2  
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ws = w 
and therefore ,  
Ks = Kg 
I f  bo th  Ks and % can be calculated as functions o f  surface concentra- 
t i o n ,  f o r  a given s e t  of  pack operating conditions, the value of  
concentration a t  which the two rate  constants  become equal can be obtained 
and thus the unknown surface composition defined. 
Suf f ic ien t  thermodynamic and d i f fus iv i ty  da ta  ex is t  t o  allow such 
calculat ions to  be carr ied o u t  for the a1 uminization o f  una1 loyed Ni . 
Details are given i n  App. Aand B. The variations of Kg and Ks with sur- 
face composition i n  packs w i t h  4 w/o A1 , for various activators a t  
various  temperatures,  are shown i n  Figs. 19-22. The points of in te r -  
secting of the K g  and Ks curves give the predicted surface compositions 
and ra te  constants  for  the var ious packs and these predicted values are 
compared w i t h  experimental  values  in  Tables 111  and IV. I t  may  be seen 
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that  theory and experiment are i n  complete agreement w i t h  respect t o  the 
order of efficiency of the act ivators .  The most e f fec t ive  ac t iva tor  i s  
AlF3, followed, i n  order,  by  NaF,  NaCl and NaI. The theory comes close 
t o  predicting the surface compositions and parabolic rate constants for 
packs activated w i t h  AlF3, NaF, and NaCl . The predicted surface A1 
concentrations are 1-2 % higher than the observed concentrations for 
packs act ivated w i t h  Al  F3 and NaF, while they are slightly lower than 
the observed concentrations for packs activated with NaC1. Predicted 
ra te  cons tan ts  fa l l  w i t h i n  the range of the experimental values for A1 F3, 
a r e  s l i gh t ly  below range f o r  NaF, and low  by a fac tor  of 2-3 for  NaCl . 
(Due t o  the  fac t  tha t  the w2 vs. t curves were n o t  precisely 1 inear,  
upper and lower l imi t s  for  the experimental constants are given, rather 
than s i  ngl e Val ues. ) . 
The few experimental  results for NaI depart  s ignif icant ly  from the 
theoretical  values. Both the  surface  composition and K values  observed 
a r e  f a r  lower  than  predicted by theory. As previously  mentioned,  very 
poor surfaces and i r regular  layer  growth were frequently encountered on 
specimens  coated in  NaI activated packs. Porous coatings were often 
observed.  Microstructures  of  coatings  obtained i n  iodide and f luoride 
activated packs a re  compared in  Fig. 3. The reason for  these anomalies 
i s  n o t  understood, b u t  slowness o f  react ions at  the coat ing surface is  
a possible factor. 
A1 though no experiments were carr ied o u t  u s i n g  NH4C1 activated packs, 
theoretical  Kg curves for this ac t iva tor  a re  a l so  shown in Figs. 19-22. 
In d is t inc t ion  t o  the other activators considered, no condensed  phase 
i s  present i n  NH4Cl activated packs at  elevated  temperatures. The 
absence of a condensed phase leads t o  a considerably different variation 
of Kg with temperature for NH4C1 than for the other  act ivators .  Kg f o r  
this activator increases much more slowly with temperature than for  the 
others.  Also,  for this ac t iva tor  Kg i s  s e n s i t i v e  t o  the  percentage  of 
act ivator  added t o  the pack,  whereas K for  the  o thers  i s  insens i t ive  t o  
the  percentage added (above a certain  very  small  value).  Therefore, 
there  are  s ignif icant  differences between the operat ing character is t ics  
of "vola t i le"  ac t iva tors ,  such as NH4C1, with which no condensed  phase 
appears in the pack and "non-vol a t i  l e "  ac t iva to r s ,  such as Al  F3 and the 
sodium halides, with which a condensed  phase i s  present i n  the pack. 
These differences were pointed o u t  by  Walsh ( re f .  3 )  and are explained 
more f u l l y  i n  Appendix A.  
Levine and Caves model can be used, with some modification, t o  
t r e a t  t h e  problem of gaseous diffusion i n  the a1 loy packs ( r e f .  9 ) .  
We have taken the A1 content of the A1-Ni par t ic les  i n  the depleted 
zone a s  t h a t  a t  the specimen surface. The  amount of A1 t ransferred 
from this zone i s  r e l a t e d  t o  the difference between surface compo- 
s i t ion and pack composition.  Details  are g i v e n  i n  Appendix A. Since 
the pack as well as the surface A1 ac t iv i ty  a re  var iab le ,  i n  the case 
of alloy packs, a series o f  Kg curves is  obtained for each ac t iva tor  
a t  a given temperature. By calculat ing both Kg and KS as functions of 
surface composition, a predicted surface composition and rate constant 
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can be obtained, as w i th  una l  loyed A1 packs, 
Curves f o r  A1 F3 a c t i v a t e d  a1 l o y  packs a t  1093°C a r e  shown i n  Fig.  23, 
t h e o r e t i c a l  and experimental ly obta ined sur face composi t ions are compared 
i n  F ig .  8 and r a t e  c o n s t a n t s  i n  F i g .  24. The observed  surface A1 con- 
c e n t r a t i o n s  a r e  c l o s e  t o ,  b u t  s l  i g h t l y  ( 1  -3 a/o) below the predicted 
concentrat ions,  whi le both predicted and observed concentrat ions l i e  
several  atom percent below the expected equi l ibr ium concentrat ions,  i ,e., 
t h e  A1 concent ra t ions   o f   the   packs   a f te r   10   h r .   p re t rea tment ,  These 
resu l ts  mod i fy  the  conc lus ions  o f  S ivakumar  and S e i g l e  ( r e f .  7 )  who 
concluded on the basis o f   e a r l i e r  exper iments wi th  A1 F3 a c t i v a t e d  a1 l o y  
packs t h a t  f o r  Al/Ni r a t i o s  below 50 a/o A1 , the  compos i t i on  o f  t he  
surface of the specimen was p r a c t i c a l l y  t h e  same as t h a t  o f  t h e  pack 
a l l o y  and, t h e r e f o r e ,  t h a t  t h e  r a t e  o f  c o a t i n g  f o r m a t i o n  was c o n t r o l l e d  
e n t i r e l y  b y  d i f f u s i o n  i n  t h e  s o l i d .  The discrepancy  between  the  present 
and e a r l i e r   r e s u l t s   i s   r e l a t e d   t o   t h e  use o f   u n l  i ned i r o n   r e t o r t s   i n   t h e  
e a r l i e r   e x p e r i m e n t s .   E v i d e n t l y  enough A1  was exchanged  between t h e  
pack and r e t o r t  w a l l  , when u n l i n e d  r e t o r t s  were  used, to  mod i fy  the  pack  
A1 concentrat ion by a few a/o, s u f f i c i e n t  t o  a c c o u n t  f o r  t h e  d i f f e r e n c e  
observed. It i s  now concluded on t h e  b a s i s  o f  b o t h  t h e  t h e o r e t i c a l  
c a l c u l a t i o n s  a n d  p r e s e n t  e x p e r i m e n t a l  r e s u l t s  t h a t  i n  a1 l o y  packs even 
w i t h  a low A1:Ni r a t i o  t h e  s u r f a c e  A1 c o n c e n t r a t i o n  l i e s  somewhat below 
the pack A1:Ni r a t i o  and gas t r a n s p o r t  i n  t h e  pack, as w e l l  as d i f f u s i o n  
i n  t h e  s o l i d ,  must be considered i n  t r e a t i n g  t h e  k i n e t i c s  o f  t h e  p r o c e s s .  
The f a c t  t h a t  t h e  d e t a i l s  o f  gas t r a n s p o r t  i n  t h e  pack  must  be 
taken in to  account  i n  e x p l a i n i n g  t h e  k i n e t i c s  o f  t h e  c o a t i n g  p r o c e s s  i n  
a l l o y  packs i s  a l s o  suggested by the data of  F igs.  2-5, i n  which i t  
appears t h a t  t h e  t y p e  o f  a c t i v a t o r  has an i n f l u e n c e  o n  t h e  r a t e  o f  
a l u m i n i z a t i o n  a t  1093°C. As shown most c l e a r l y  i n  t h e  r e s u l t s  w i t h  t h e  
Raney a l l o y  ( F i g .  5 ) ,  t h e  f l u o r i d e  a c t i v a t o r s  u s u a l l y  p r o d u c e d  t h e  
h ighes t  sur face  A1 concent ra t ions  and coat ing  ra tes  fo l lowed by  the  
c h l o r i d e  a n d  t h e n  t h e  i o d i d e  a c t i v a t o r s .  T h i s  i s  t h e  same o r d e r  o f  
ef fect iveness as observed with unal loyed A1 packs  and l i k e w i s e  a t t r i b u t -  
a b l e  t o  t h e  d i f f e r e n t  r a t e s  o f  gas t r a n s p o r t  i n  t h e  d i f f e r e n t l y  
a c t i v a t e d  packs.   Therefore  the  a lumin izat ion mechanism i s  e s s e n t i a l l y  
the  same i n  a1 l o y  and unal 1 oyed A1 packs, 
CONCLUDING REMARKS 
T h i s  i n v e s t i g a t i o n  o f  t h e  pack a lumin iza t ion  o f  una l loyed N i  from 
packs of vary ing  a1 uminum content  , a c t i v a t e d  w i t h  v a r i o u s  ha1 i d e  a c t i v a -  
t o r s  , l e a d s  t o  t h e  c o n c l u s i o n  t h a t  t h e  k i n e t i c s  o f  t h e  pack a1 umin iza t ion  
process i s  control led,under most circumstances, by a combination o f  gas 
d i f f u s i o n  i n  t h e  pack  and s o l i d  d i f f u s i o n  i n  t h e  c o a t i n g .  I f  t h e  r a t e  o f  
d i f fus ion  o f  gaseous h a l i d e s  i n  t h e  p a c k  i s  h i g h ,  t h e  s u r f a c e  o f  t h e  
coat ing  tends  to  reach a h igh  A1 conten t  whose value determines the type 
and r a t e  o f  g r o w t h  o f  i n t e r m e t a l  1 i c  l a y e r s  i n  t h e  c o a t i n g .  The h ighes t  
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gas diffusion rates and, therefore,  the highest  surface A1 concentrations 
and highest  coating rates are found w i t h  AlF3 and NaF as  ac t iva tors ,  fo l -  
lowed by NaCl and NaI i n  that  order.  The r a t e  of  gas diffusion i n  the  
pack, i n  turn, appears to be determined largely by the magnitude of the 
vapor pressures of the diffusing halides,  Thus, the  f luor ides ,  i n  our 
experiments, were the most ef fec t ive  ac t iva tors  because the equilibrium 
vapor pressures of the fluorides i n  the pack were generally higher than 
the vapor pressures of chlorides or iodides, 
The r e su l t s  of this work strongly confirm Levine and Cave's model 
f o r  gas diffusion i n  the pack, By combining calculations of gas trans- 
port  ra tes  i n  the pack w i t h  calculat ions of sol id  diffusion rates  the 
kinet ics  of the  coating  process can be completely  defined. The theore t i -  
cal equations have no adjustable parameters and t h e i r  v a l i d i t y  depends 
only upon the assumption o f  a time-invariant A1 concentration a t  t h e  
surface of the coating, the presence of which i s  indicated by the experi- 
mental r e su l t s .  The theory is  capable o f  making predictions  about  the 
influence of pack processing parameters, such as pack A1 ac t iv i ty ,  type  
of act ivator ,  temperature ,  e tc . ,  i n  good agreement w i t h  experimental 
results for unalloyed N i .  I n  order t o  extend  the  theory t o  practical  heat-  
r e s i s t an t  a l loys ,  more information is needed concerning the thermodynamic 
properties and d i f f u s i v i t i e s  of these al loys,  
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Appendix A 
C a l c u l a t i o n  o f  Gas DiPTusion Rate Constants 
Pure A1 backs: 
Acco rd ing  to  the  model o f  L e v i n e  and Caves ( r e f .  5) t h e  p a r a b o l i c  
r a t e  c o n s t a n t  f o r  A1 d e p o s i t i o n  i s  g i v e n  b y  
where D i  i s  t h e  i n t e r d i f f u s i o n  c o e f f i c i e n t  o f  s p e c i e s ,  i, P i  and P i '  a re 
t h e  p a r t i a l  p r e s s u r e s  o f  t h e  iz Al-bear ing species i n  the  pack  and a t  
t he  specimen  surface,  resp. p i s  t h e  pack A1 d e n s i t y  i n  gms/cm3, E and 
1 a r e  c o r r e c t i o n  f a c t o r s  f o r  pack p o r o s i t y  and t o r t u o s i t y ,  M i s  t h e  
gm-atomic weight o f  A l a  T i s  temperature i n  degrees K, R i s  t h e  gas  con- 
s t a n t  and o i  i s  a f a c t o r  w h i c h  a l l o w s  f o r  t h e  f a c t  t h a t  n o t  a l l  o f  t h e  
A1 c a r r i e d  t o  t h e  s u r f a c e  b y  gaseous species, i, ente rs  the  specimen, 
For NaX a c t i v a t o r s ,  i = 1, b u t  f o r  A l F 3  a c t i v a t e d  packs p a r t  o f  t h e  A1 
t ranspor ted   by  A1 F(g) and A l F Z ( g )   c o n t r i b u t e s   t o   t h e   f o r m a t i  on o f  A1 F3( s )  
a t  t h e  s u r f a c e  o f  t h e  specimen by the reactions, 
3 AlF(g)  = A1F3(s) + 2 A l ;  ai = 2/3 (A2 1 
and 
3 A1F2(g)=  A1F3(s)+A1; 'si = 1/3  (A31 
Thus equat ion (A1 ) f o r  A lF3  a c t i v a t e d  packs i s  
To use the  equat ions  to  ca lcu la te  Q, t h e  p a r t i a l  p r e s s u r e s  P i  and 
P i  are needed. The method o f  ca l cu la t i ng  these  depends  on the  type  o f  
a c t i v a t o r  used. F o r  a c t i v a t o r s  such as Na (F, C1 , I )  and  AlF3,  which 
are present i n  t h e  pack as condensed  phases a t  usua l  ac t i va to r  percentages  
and a lumin iz ing temperatures,  the par t ia l  pressures can  be  determined 
f rom the  equ i l ib r ium cons tan ts  o f  the  reac t ions  
tdaX(1) + A1 = AlX(g) + Na(g) (A5 1 
2 NaX(1) + A1 = A1X2(g) + 2 Na(g) (A6 1 
3 NaX(1) + A1 = A1X3(g) + 3 Na(g) (A7 1 
NaX(1) + 1/2  H2(g) = HX(g) + Na(g)  (AB) 
NaX(1) = NaX(g) (A9 1 
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s u b j e c t  t o  t h e  c o n d i t i o n s ,  
’Na = ‘A lX3  ’ 2pA1X2 ’ ‘AlX ’ ‘HX 
c p i = l  
o r ,   f o r   t h e   a c t i v a t o r  A l  F3y 
A1F3(g) + 2A1 = 3AlF(g) 
2A1F3(g) + A1 = 3 A1F2(g) 
A1F3(g) + 3 /2  H2(g) = 3HF(g) + A1 
A1F3(s) = A1F3(g) 
s u b j e c t  t o  t h e  c o n d i t i o n  1 Pi = 1 
To c a l c u l a t e  p a r t i a l  p r e s s u r e s  a t  t h e  specimen surfaces, i n  t h e  case 
of NaX a c t i v a t o r s  i n  p l a c e  o f  eq (Al0)a mass b a l a n c e  c o n d i t i o n  i s  used: 
I n  p r i n c i p a l  a hydrogen balance equation should a1 so be incorporated 
b u t  t h i s  has  been found  unimportant  s ince PH i s  n o t  f a r  f r o m  1 atm. 
Fo r  ac t i va to rs  such  as NH4C1, w i th  wh ich  no condensed  phase i s  
formed i n  t h e  pack, it can  be assumed, w i t h  semi-open r e t o r t s  t h a t  
upon hea t ing  gases  escape  and t h e  r e t o r t  p r e s s u r e  r e m a i n s  a t  1  atm. 
Upon heat ing,  NH4C1 d i s s o c i s t e s  a c c o r d i n g  t o  t h e  r e a c t i o n s  
2 
and 
Assuming t h a t  t h e  atom r a t i o  o f  H t o  C1 i n  t h e  pack atmosphere remains 
t h e  same as t h a t  i n  NH4C1 , namely 4:l , t h e  p a r t i a l  p r e s s u r e s  i n  t h e  pack 
can be obtained from the equations; 
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HC1 (9) + A1 = AlCl (9) + 1/2 H2(g) 
2 HCl(g) + A1 = A1C12(g) + H2(g) 
3 HC1 (9)  + A1 = A l C l  3(g)  + 3/2 H2(g) 
s u b j e c t  t o  t h e  c o n d i t i o n s ,  
‘Hz + ‘HCl = (‘AIC1 ’ ’A1C12 + ’AICI~ -t ’HCl) 
and 
F o r  c a l c u l a t i o n  o f  t h e  p a r t i a l  p r e s s u r e s  a t  t h e  specimen  surface, equ. 
(A22) and (A23) are replaced by the hydrogen and ch lor ine balances,  
I I 
DH2 (‘Hz - ‘Hz) + DHCl (‘HC1 - ‘HCl ) = O  (A24) 
I I 
DHCl (‘HC1 - ‘HC1) + DAICl (‘AlC1 - ‘ A l C l )  + DA1C12 (‘AlCl, - ‘AlCl,) 
I 
+ D ~ ~ ~ ~ 3  (‘AICI  - ’ ~ 1 ~ 1 ~  ) = O  
The s t a n d a r d  f r e e  e n e r g i e s  o f  f o r m a t i o n  o f  t h e  v a r i o u s  compounds 
used i n  t h e  c a l c u l a t i o n s  were taken from the JANAF tab les  ( re f .  10 ) .  
Vapour pressure data for  A1F3( s )  were ob ta ined f rom Kubaschewski , e t  a1 . 
(Ref. 11 ) . Values o f  t h e  a c t i v i t i e s  o f  A1 i n  N i  -A1 were  ca lcu la ted  f rom 
t h e  d a t a  o f  S t e i n e r  and Komare k ( re f .  12 ) .  Ca lcu la ted  pa r t i a l  p ressu res  
i n  t h e  pack  and a t  t h e  specimen surface are given i n  Tables V - IX. 
F o r  c a l c u l a t i o n  o f  t h e  gas d i f f u s i o n  r a t e  c o n s t a n t s ,  v a l u e s  o f  D i  
were est imated from the G i  l l i l and  equa t ion  ( re f .  13 )  assuming  tha t  i n te r -  
d i f f u s i o n  o c c u r r e d  between the  ha l i de  vapors  and hydrogen as the  major  
s p e c i e s .  E s t i m a t e d  v a l u e s  o f  t h e  i n t e r d i f f u s i o n  c o e f f i c i e n t s  a r e  l i s t e d  
i n  Table X. Judging f rom the pack character is t ics  it was assumed t h a t  
E = 0.70 and 1 = 4. Val  ues  of Kg ca lcu la ted  f rom the  above are g iven i n  
Tables X 1  - X I V .  
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A1 1 oy Packs : 
Levine and Caves' model  was extended to  ca lcu la te  ra tes  of  A1 
t ransport  by gas diffusion i n  the alloy packs by assuming tha t  Ni-A1 
pa r t i c l e s  i n  the depleted zone a re  of the same composition as the 
specimen surface.  Fig. 25 shows schematic  diagrams  of  the assumed A l -  
concentration profiles i n  pure A1 and al loy packs. With t h i s  assumption 
the equation for Kg i s  equ. ( A 1  ) w i t h  the  subs t i tu t ion  
where p = gms/cm3 A1 i n  the  undepleted pack  and p = gms/cm A1 i n  the 
deplete1 zone. The par t ia l  pressures  of gases i n  !he undepleted  pack, 
Pi are calculated a s  those in equilibrium w i t h  the pack Ni - A1 a l loy ,  
whose a1 uminum a c t i v i t y  i s ,  o f  course,  less than unity. The pa r t i a l  
pressures, P i ,  are calculated as before.  
Val ues o f  Kg were calculated for  A l F 3  activated packs with Ni  -A1 
a l loy  powders conxaining  43, 48, 52, 58 and 62 a/o Al. These represent 
the actual compositions of the powders following pretreatment o f  packs 
o f  nominal composition 45, 50, 55, 60 and 70 a/o A1 , resp. Table X V  1 i s t s  
the 1093°C calculated K g  Val ues , and these are  plot ted i n  F ig .  23 as 
functions o f  surface composition. 
3 
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I n te r -D  
APPENDIX B 
Ca lcu la t ion  o f  So l id  D i f fus ion  Rate  Constan ts .  
D e t e r m i n a t i o n  o f  t h e  s o l i d  d i f f u s i o n  r a t e  c o n s t a n t ,  KS, requ i res  a 
knowledge o f  t h e  i n t e r d i f f u s i o n  c o e f f i c i e n t s  o f  t h e  Ni2A13 (y) ,  N i A l  ( A ) ,  
Ni3A1 ( E ) ,  and t e r m i n a l  s o l i d  s o l u t i o n  ( 5 )  phases i n  t h e  Ni-A1  system. 
Average i n t e r d i f f u s i o n  c o e f f i c i e n t s  o f  phases i n  t h e  system have been 
determined from layer growth measurements by Castleman and Seigle, 
Janssen and Rieck,  Hick1 and  Heckel ( r e f .  14,  15,  16),  and  Janssen ( r e f .  
17)  has, i n  a d d i t i o n ,  d e t e r m i n e d  t h e  i n t e r d i f f u s i o n  c o e f f i c i e n t  a t  a few 
s p e c i f i c  c o m p o s i t i o n s  i n  t h e  n i c k e l - r i c h  phases. It was f e l t ,  however, 
t h a t  m o r e  a c c u r a t e  d a t a  c o n c e r n i n g  t h e  v a r i a t i o n  o f  t h e  i n t e r d i f f u s i o n  
c o e f f i c i e n t ,  Dg w i t h  c o m p o s i t i o n  i n  t h e  N i A l ( 6 )  phase  were r e q u i r e d  f o r  
the Ks c a l c u l a t i o n s  and  measurements o f  t h i s  q u a n t i t y  were made by analy- 
s i s  o f  t h e  c o n c e n t r a t i o n  p r o f i l e s  o f  pack aluminized N i  and N i A l  specimens. 
The una l loyed N i  used was t h e  same as tha t  desc r ibed  p rev ious l y ,  
w h i l e  t h e  NiAl specimens were machined from arc-melted buttons containing 
45.5,  47.2  and  49.4 a/o A1 suppl ied by the NASA Lewis Research Center and 
U n i t e d  A i r c r a f t  Research Laboratories. Specimens were a1 umi n i z e d  i n  A l  F3 
a c t i v a t e d  a l l o y  packs containing A1:Ni r a t i o s  v a r y i n g  f r o m  55:45 t o  70:30, 
Concentrat ion prof i les  through the coat ing were determined by microprobe 
a n a l y s i s  o f  s p o t s  a t  2 pm i n t e r v a l s  a l o n g  l i n e s  p e r p e n d i c u l a r  t o  t h e  
s u r f a c e   o f   s e c t i o n e d  specimens. T y p i c a l   c o n c e n t r a t i o n   p r o f i l e s   a r e  shown 
i n  Figs.  26 t o  28. 
Under the  boundary  cond i t ions  o f  cons tan t  sur face  concent ra t ion  and 
d i f f u s i o n  i n t o  an i n f i n i t e l y  extended medium, t h e  d i f f u s i o n  c o e f f i c i e n t s  
may be e x t r a c t e d  f r o m  t h e  c o n c e n t r a t i o n  p r o f i l e s  b y  a p p l i c a t i o n  o f  t h e  
Bo1 tzmann-Matano a n a l y s i s ,  o r  Wagner's v a r i a t i o n  o f  t h i s .  F o r  t h e  
a lumin ized N i  specimens w i t h  an extended range o f  c o n c e n t r a t i o n s  i n  t h e  
coat ings  Wagner 's  equat ion  ( ref .   18) was used: 
where N = atom f r a c t i o n  A1 , V = molar volume, t = t ime and x i s  
distance. For the a1 umi n ized  N i  A1 specimens, the s tandard Bo1 tzmann-Matano 
ana lys is  was used: 
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i n  which X i s  t h e  d i s t a n c e  measured from the Matano interface located 
under the assumption that no N i  i s   l o s t   t o   t h e  vapor phase ( r e f .  21 ) . 
t h e  above  methods i s  sh6wn i n  Figs.  29 and 30. It may be  seen t h a t  D6 
va r ies  ove r  two orders o f  magni tude with composi t ion.  There i s  a 
pronounced minimum i n  t h e  D vs. a/o A1 curves which appears t o   f a l l  
s l i g h t l y  o f f  t h e  s t o i c h i o m e t r i c  c o m p o s i t i o n ,  o n  t h e  low-A1  s ide,   Di f fu-  
s ion  da ta  f rom a v a r i e t y  o f  s o u r c e s  f o r  t h e  Ni-A1 system are summarized 
i n  F i g .  31 which gives a good i d e a  o f  t h e  r e l a t i v e  magnitudes o f  t h e  D 
values i n  var ious  phases o f  t h i s  system. 
The v a r i a t i o n  o f  D with composi t ion i n  t h e  N i A l  phase obta ined by 
2) C a l c u l a t i o n  of K, 
C a l c u l a t i o n s  o f  l a y e r  g r o w t h  r a t e s  a r e  u s u a l l y  made assuming t h a t  t h e  
i n t e r d i f f u s i o n  c o e f f i c i e n t ,  D. ,  i s  a c o n s t a n t  f o r  each  phase, i, ( r e f ,  
19,20). I n  t h e  N i  A l (6 )  phas& t h e  v a r i a t i o n  o f  Dg w i t h  c o m p o s i t i o n  i s  so 
d ras t i c ,  however, t h a t  a numerical  method was d e v i s e d  t o  t a k e  t h i s  i n t o  
account  ( ref .   21).  
Fig.  32 rep resen ts  the  concen t ra t i on  p ro f i l e  o f  a coat ing  whose 
s u r f a c e  c o m p o s i t i o n  l i e s  i n  t h e  6 phase f i e l d .  I n  c a r r y i n g  o u t  t h e  c a l c u -  
l a t i o n s  i t  i s  assumed t h a t  a cons tan t  average va lue  o f  D may be used f o r  
the E and 5 phases. The c o n c e n t r a t i o n  p r o f i l e s  i n  t h e s e  phases  are, 
t he re fo re ,   o f   t he   usua l   e r ro r   f unc t i on   t ype :  
17 
where 
rE = /’/DE; r 5 = D = D6 (N=N,€); ctij i s  a c o n s t a n t   t o  be 
determined for each in te r face  wh ich  governs  the  ra te  o f  in te r face  move- 
ment  according t o  t h e  r e l a t i o n s h i p ,  x . .  = actijdm. The D’s i n  these 
e q u a t i o n s  a r e  i n t e r d i f f u s i o n  c o e f f i c i h k s  f o r  t h e  v a r i o u s  phases, N i s  
atom f r a c t i o n  A1 and x i s  t h e  d i s t a n c e  from t h e  Matano i n t e r f a c e  l o c a t e d  
u s i n g  t h e  c o n d i t i o n  t h a t  t h e r e  i s  no t rans fer  o f  N i  to  the  vapor  phase 
(area A = Area B i n  Fig. 32). 
Since Dg va r ies  s t rong ly  w i th  compos i t i on  the  concen t ra t i on  p ro f i l e  
i n  6 wil not  conform to  an equat ion o f  type  (B3)  and i s  u n l i k e l y  t o  
obey  any s imp le   ana ly t i ca l   exp ress ion .   I n   t h i s   case  i t  i s  exped ien t   t o  
seek a n u m e r i c a l  s o l u t i o n  o f  t h e  d i f f u s i o n  e q u a t i o n  f o r  t h e  6 phase  and 
t h i s  i s  s i m p l i f i e d  i f  D6 can  be  expressed as a func t i on  o f  compos i t i on .  
A reasonable f i t  o f   t h e   d i f f u s i   v i  ty data i s  obtained by an exp ress ion  o f  
the  type  
D6 = Do exp (PN6) (B5) 
for each branch o f  t h e  d i f f u s i v i t y  c u r v e .  
The d i f f u s i o n  e q u a t i o n  i n  t h e  6 phase 
aN, a aN6 
a t  ax ax 
”- - ( D 6 4  
i s  then t ransformed to  an o r d i n a r y  d i f f e r e n t i a l  e q u a t i o n  
d2y 2a 6~ dy * D  
Y - +  z - =  0 
dz2 DO dz 
b y  s u b s t i t u t i o n  o f  t h e  new v a r i a b l e s  ( r e f .  22) 
y = exp(pN6)  and z = ( z  = 1, a t  x = x6.). 
(B8) 
To so lve Eq. (B7, t h e  f o l l o w i n g  s t e p s  a r e  c a r r i e d  o u t :  
1 )   Us ing   the   e r ro r - func t ion   so lu t ions  (B3)  and  (B4) f o r  t h e  E and 5 
phases, Eq. (B9) may be w r i t t e n  ( r e f .  2 1 ) .  
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n n  
w i t h   t h e  two unknowns aEl; and Choose  a value o f  aEl; and c a l c u l a t e  
2) From mass ba lance   cond i t i ons   t he   concen t ra t i on   g rad ien t   i n  
a 
6E 
g a t  t h e  6-E i n t e r f a c e  may be w r i t t e n  ( r e f .  21 ) . 
3)  Compute 
4) The i n i t i a l  c o n d i t i o n s  f o r  n u m e r i c a l  s o l u t i o n  o f  Eq,[B7] a r e   t h e  
values o f  (dy/dz)  and y = y1 = exp (pN6,) a t  z = 1. The d i f f e r e n t i a l  
equat ion i s  so lved by t h e  method o f  f i n i t e  d i f f e r e n c e s  f o r  d e c r e a s i n g  
values o f  z. Thus, a t  a smal l  s tep A Z  f rom the  6~ boundary, t h e  v a l u e  o f  
y i s  given by:  
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I 
Successive values of y can now be computed from the f in i te  difference 
analog of the d i f f e ren t i a l  Eq.[B7]: 
The solution i s  continued t o  the negative side of the z- axis ,  unt i l  the  
two areas A and B a r e  equal ( F i g .  32). This locates the specimen surface. 
The surface composition, N , and as are obtained from the values of y and 
z a t  t he  su r face ,  Steps [$f th rough  [4] are then  repeated w i t h  a new value 
of aEG. By this means a family of profiles i s  obtained corresponding t o  
surface compositions over the en t i r e  homogeneity range of the 6 phase. 
Concentration profiles for pack aluminization a t  1100°C f o r  20 hours a re  
shown i n  F i g .  33. I t  may be seen that the curves obtained from the 
numerical so lu t ion  d i f fe r  subs tan t ia l ly  from the usual error function type. 
By integrating the calculated composition profiles the A1 intake and 
therefore Ks can be obtained for a g iven  surface composition, 
The numerical method i s  important only when NiAl ( 6 )  i s  the surface 
layer of the coating. If the surface  composition i s  such t h a t  Ni2A13 i s  
the f i r s t  layer ,  then i t  i s  found that  a l l  the  other  layers  develop rela-  
t i ve ly  small  thickness. In these  cases a constant  value  of Dg obtained 
by averaging the interdiffusion coeff ic ient  over the homogeneity range 
of the 6 phase can be used w i t h  the standard equations for binary multi- 
phase diffusion (ref.  19,20) i n  order t o  obtain the cancentration profiles 
and Ks values. 
20 
References 
Goward, G.W.; Boone, D.H. and Gfggins, C.S.: Formation  and  Degradation 
Mechanisms of A1 uminide Coat ings on Nickel  -Base Superal loys, Trans. 
ASM, V O ~  , 60, 1967, ~ ~ 2 2 8 - 2 4 1 ,  
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
Goward, G.W. and Boone, D.H.: Mechanism o f  Formation o f  D i f f u s i o n  
Aluminide  Coatings  on  Nickel-Base  Superal loys.  Oxidation o f  Metals,  
Vol . 3, 1971, pp.475-495. 
Walsh, P.N.: Chemical   Vapor  Deposi t ion,   Fourth  Internat ional   Confer-  
ence; ed. by G.F. Wakefield  and J.M. Blocker,  Jr., The Elect rochemical  
Soc ie ty  (New Jersey) 1970,  pp.  147-168. 
Br i l l -Edwards,  H. and  Epner, M: E f f e c t  o f  M a t e r i a l s  T r a n s f e r  Mechanisms 
on the Formation o f  D i s c o n t i n u i t i e s  i n  Pack Cementation Coatings on 
Superalloys.  Electrochem. Tech., vo l .  6, 1968,  pp.299-307, 
Levine, S.R. and Caves, R.M.: Thermodynamics  and K ine t i cs   o f  Pack 
Aluminide  Coating  on 1N-100. J .  Electrochem. SOC., v01.121, 1974,  pp.1051- 
1064. 
Colby, J.W.: Microprobe  Analys is   Genera l   In tens i ty   Correct ion Program, 
Version 4. Bel 1 Telephone Company, (A1 lentown, Pa.)  1969. 
Sivakumar, R. and Seig le ,  L.L.: On t h e  K i n e t i c s  o f  t h e  Pack Aluminiza- 
t i o n  Process,  Met.  Trans.,  vol. 7A, 1976,  pp.  1073-1079. 
Gupta, B.K.; Sarkhel, A.K. and Seig le ,  L.L.: On t h e   K i n e t i c s  o f  Pack 
A lumin iza t ion .   Th in   So l id   F i lms,   vo l .  39, 1976, pp.313-320. 
Levine, S.R. and Se ig le ,   L .L . :   K ine t ics   o f  Pack Aluminizat ion.   Presented 
a t  t h e  Annual Meeting o f  the American Ceramic Society, Washington, D.C., 
A p r i l  1975 
JANAF Thermochemical  Tables. Dow Chemical Co. , (Midland,  Mich. ) 1972 
Kubaschewski, 0.; Evans, E.L.L.  and Alcock, C.B.: M e t a l l u r g i c a l  
Thermochemistry,  4th ed., Pergamon Press, N.Y., 1967 
Ste iner ,  A.  and Komarek, K.L.: Thermodynamic A c t i v i t i e s  o f  S o l i d  N i c k e l -  
Aluminum Alloys,  Trans.  Met. SOC. o f  AIME, vo l .  230, 1964,  pp.786-790. 
Perry,  R. H., and Chel ton, C.H. : Chemical Engineers Handbook, McGraw-Hi1 1 , 
N.Y., 1973, pp.3-230. 
Castleman, L.S. and Seig le ,  L .L. :  Layer  Growth Dur ing In terd i f fus ion I n  
The Aluminum-Nickel  Al loy System. Trans.  Met. SOC. o f  AIME, vo l .  212, 1958, 
pp. 589-596. 
21 
15. Janssen, M.M.P. and Rieck, G.D.: R e a c t i o n   D i f f u s i o n  and K i r kenda l l -  
E f f e c t  i n  the  Nickel-Aluminum System. Trans.  Met. SOC. of AIME, 
V O ~ ,  239, 1967,  pp.1372-1385. 
16. H i c k l ,  A.J. and Heckl, R.W.: K i n e t i c s   o f  Phase Layer  Growth  During 
Aluminide Coat ing of  Nickel .  Met.  Trans.,  vol .  6A, 1975,  pp.431-440. 
17.  Janssen, M.M.P.: D i f f u s i o n   i n   t h e   N i c k e l - R i c h   P a r t   o f   t h e  Ni-A1 
System a t  1000-1300°C; Ni3A1 Layer Growth, Diffusion Coeff icients, 
and Interface  Concentrat ions.,  Met.  Trans.,  vol.   4, 1973,  pp.1623- 
1633. 
18. Wagner, C.: The Eva lua t ion   o f   Data   Obta ined  w i th   D i f fus ion   Coup les  
o f 'B inary  S ing le -phase and Mul t iphase Systems., Acta Met,, vol. '  17, 
1969. 
19. Bor isov,  V.T.; Gol ikov,  V.M. and Dubinin, G.N.: D e t e r m i n a t i o n   o f  
D i f f u s i o n  C o e f f i c i e n t s  and Layer Thickness o f  t h e  Phases i n  React ive 
D i f f u s i o n ,   D i f f u s i o n   C l a d d i n g   o f   M e t a l s ,  G.V. Samsonov, ed. 
Consultants  Bureau, N.Y., 1967  pp.17-23. 
20. Jost ,  W. :  D i f f u s i o n   i n   S o l i d s ,   L i q u i d s  and Gases, Academic Press, 
N.Y., 1960. 
21. Sarkhel , A. K. and Se ig l  e , L. L. : S o l u t i o n   o f   B i n a r y  Mu1 ti phase 
D i f f u s i o n  P r o b l e m s  A l l o w i n g  f o r  V a r i a b l e  D i f f u s i v i t y ,  w i t h  A p p l i c a -  
t i o n  t o  t h e  A l u m i n i z a t i o n  o f  N i c k e l .  Met.  Trans.,  vol. 7A, 1975, 
pp.899-902. 
22. Wagner, C.: On t h e   S o l u t i o n   o f   D i f f u s i o n  Problems I n v o l v i n g  
Concentrat ion-Dependent   Di f fus ion  Coef f ic ients .   Trans.  AIME, vo1.194, 
1952,  pp.91-96. 
23. Swalin, R.A. and Mart in ,  A.: S o l u t e   D i f f u s i o n   i n   N i c k e l - B a s e   S u b s t i t u -  
t i ona l   So l i d   So lu t i ons .   T rans .  AIME, vo l  . 206, 1956,  pp.567-572. 
24. Sarkhel A.K.: Ph.D. Thes is ,   S ta te   Un ive rs i t y  of  New York,  Stony  Brook, 
N.Y. 1977. 
22 
Table I .  Pack composi t ion  af ter  10 hours pretreatment and 10 hours coat ing a t  1093OC i n  
a lumina  re tor t s  (4 w/o A1F3, meta1:non-metal r a t i o  - 5O:SO w/o) 
1 1 1 I I 
I 
I Nominal I Pack Composition 
I Pack Composition, 1 a f t e r  Pretreatment a f te r  Coat ing  I 
I a/o A 1  I I a/o A l  a/o A 1  a/o A 1  
I-" 
i I 
I I 
I 40 37.2 
I 
I 36.6 3 3 . 3  
I 
45 I I i 43.4 I I " 1 38 .O I 
50 
I 55 1 60 
I 70 
I 
: Raney a l l o y  
47.9 
5 2 . 5  
5 8 . 2  
6 1 . 7  - Ni2A13 
75.0 - N i A 1 3  
" 
46.5 
52 .O 
" 
4 3 . 1  
49.6 
53 .O 
61.5 5 8 . 4  
61.7 5 8 . 7  
Table 11. Comparison between t h e  amount of aluminum  removed from dep le t ed  zone and t h e  actual 
weight  gained by N i  specimen. 
1 Experimental  Conditions 
; Tcinp. of  i Time o f  
i Conrinz,  "C i Coat ing ,  hrs .  
I - 
i / 
1/ 2 
I 903 i 2 
\ 1000 1 1/  2 
I 1300 ! 2 : 1000 i 5 
i 1003 2 
I 
9 G O  1 2 
I 900 i 10  
2 
5 
10 
1090 I 20 
5 
~ 1000 10 
1000 23 
i 1000 ! 2 
j 1000 i 
I 
Pack Data 
w/o A 1  i n  Pack A 1  
NaF 
NaF 
NaF 
k F 
NaF 
NaF 
NaC 1 
NaC 1 
NaC 1 
KaC 1 
PiaC 1 
NaC 1 
49.8 
1 49.8 
i 4  I 49.8 
! 10 
I 4 1 39.65 ' 4  I 39.65 
' 4  I 39.65 
! 4  j 39.65 
i 10 
i 
I 4 I 39.65 I 
! 4 ! 39.65 
Thickness Nt. o f  A 1  I 
of  
Depleted  Actual w t .  1 Removed from Depleted gain, mg 
Zone, mg 'One' mm i 
2.22 24.3 
1 .28 16 .O 19.3 
2.67 1 76.77  78.4 I 
0.44 1 27.0 30 .O 
2.34 I 210.5  220.3 ! 
0.47 : 6 . 4  I 6 .6  1 
1.06 j 25.2 1 
0.94 i 15.8  16.8 i 
1.24 1 20.0 24.9 1 
1 .88  j 46.9 
I 
I 
NaCl 10  i 108.8 0.32 i 16.3 ! 20.5 ! NaCl 19 I 108.8 0.64 34.7 i 37.9 
NaCl 1 10 1 138.8 I 1 . 2 2  j 73.9 j 74.5 
NaCl i 10 : 108.8 ; 2.38 j 149.4 , ; 156.6 
I 
I 
I 
Table 11 1 Comparison o f  t h e o r e t i c a l l y  p r e d i c t e d  and observed surface composition ( a / o  Al) ,  i n  pure A 1  
packs (4 w/o a c t i v a t o r ,  40 mg/cm3 pack A 1  densi ty)  
Coating A1F3 Wac 1 Na I i NH4C 1 NaF 
Temp. 1 I i I I I 
i 
I O C -  
1093 
1000 
900 
800 
I 
Predicted  Observed  Predicted  lobserved  IPredicted I I 
Liquid 
(Ni A 1  4 (NiA1) (Ni A 1  ) (Ni2A13) (Ni2A13) 59.5  55.2 61.1  59.8 62 .O 
>61 .O ‘ >61 .O 1 (NiA1) >61 .O >61 .O Liquid  55.4 Liquid 
I 
2 3 1  2 31  
61.2 
(Ni2A13) (Ni2A13) 
61.0 I 59.2  55.0 59’5- 60*8 
(Ni2A13) 1 (Ni2A13)1 (NiAl) 
I I 
6 0 . 7  I 59.3 I 60.5 1 58.5 I 54.8 
(Ni 2 A 1  3 1  ) (Ni2A13)/ (Ni2A13) 1 (Ni2A13)1 (NiAl) 
I I I i 
Observed  Predicted  Observed  /Predicted  /Observed I I I 
I I 
56.7 1 55.50 I 39.3 - (NiA1) (?:iAl) 1 36.5 1 59.6 1 -” I 
I 
55.3  54.9 I 
I I 
(NiA1) 1 (NiA1) . ”- I 63*2 ”- 
I ! 
I 
1 54.0 
! (NiA1) i 
Liquid 
i I 
Phase 
-” . ”- -“ 
I 
Table IV. Conparison o f  t heo re t i ca l ly  p red ic t ed  and  obse rved  K A ~  values  (gm ~ r n - ~ h r - l )  in pure A 1  packs (4 w/o 2 
a c t i v a t o r ,  40 rr,g/c1n3 pack A 1  dens i ty )  
Coat in i  
Temp. 
O C  
1093 
1003 
9GO 
800 
I I 
A1F I 
.L, I Nar- I NaC 1 I Na I 
"----+- 
Predicted  Observed  Predicted  Observed  Predictec Observed  Predicted 
G . 1 7 ~ 1 0 - ~ 1  
- 5 . 2 ~ 1 0  -41 1. ~ x I O - ~  
! 
- --  1 5 . 8 ~ 1 0 - ~  
Observed - 
1 .46x10m5 
--- 
"- 
NH4C1 
Predicted  Observed 
1 . 6 ~ 1 0 - ~  "- 
a ,  ~ ~ l o - ~  -- - 
--- I 
'Surface melting 
Table V. E q u i l i b r i u m   p a r t i a l   p r e s s u r e  o f  gases i n  A1F a c t i v a t e d   p u r e  
A1 packs  (atm) 3 
-~ 
Gases 
I
I 
I 
c 
A c t i v i t y  o f  A 1  In t h e  pack (P) 
a A1 800°C i 900°C 
! I looooC 
1.0 ! 1 . 1 6 ~ 1 0 - ~   9 . 1 8 ~ 1 0 - ~ !   5 . 1 8 ~ 1 0 -  2 
1 .0  
VapoULr I 
p r e s s u r e  o f .  1 . O  
A1F3 ( c ]  
"1 
! A t  the   Coat ing  Surface (PI) I I 
I .5 I 
! 
! Vapor .1 7. O S X ~ O - ' ,  1 . 0 1 ~ 1 0 - ~  
: Pressure  o f ,  ,A-2  
I 
2 .4  x.10- 31 . 1 . 0  xlC!-*; 
I \ 
1 . 1 1 ~ 1 0  I 4.65x10-' ' 
I I 
-4 I 
I 
- 2  1 
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Table VI. E q u i l i b r i u m  p a r t i a l  p r e s s u r e  of g a s e s  i n  NaF a c t i v a t e d  p u r e  A 1  
packs, (atm. ) 
1 Gases 1 A c t i v i t y  o f  A 1  
1 .0  
1 . 0  
1 .0  
1 . 0  
1 .0  
In the pack (P)  ! 
1093OC i 8OO0C I 9000c I looooC I 1 
2.04x10-'! 9 . 6 9 ~ 1 0 - ~   3 . 2 1 ~ 1 0 - ~ ~  8.54x10-' i I I I I 
I 
1 
I I A t  t h e  c o a t i n g  s u r f a c e  (P') i 
.5 
.1 
'AI F (g) 10- l2 
I I 
.5 
I 
I I 
I 
.5 il. 89x10-' 
, 
6.09x10-' 
4. ~ O X ~ O - ~  
2. O ~ X ~ O - ~  
5 . 9 2 ~ 1 0 - ~  
1 . 6 6 ~ 1 0 - ~  4 . 7 5 ~ 1 6 '  , I 
I 
1 . 8 6 ~ 1 c ) - ~  I2.47r.10 
3 . 2 8 x l ~ r ~   2 . 1 9 ~ 1 0 - ~  
4 . 2 8 ~ 1 0 - ~  j 8 . 0 6 ~ 1 0  ; -4 
2 . 8 7 ~ 1 0 - ~   i 1 . 2 7 ~ 1 0 - ~  
." .~ -~ .. 
-3- ' 
i 
2 . 2 7 ~ 1 O - ~   , 6 . 7 2 x l O  I -2 : 
: '  
i ~1.11x10-3~1.30x10-3~1.15x10-3~2.28x10-2 ' 
4 
I I 
i I 
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Tab le  VII. Equi l ib r ium par t ia l  pressure of g a s e s  i n  N a C l  a c t i v a t e d  
p u r e  A 1  packs, (atm.) 
I 
i 
i 
I 
1 I 
i i 
- 1  I 
~ _ _  " -  ~ - 
i c t i v i t y   o f  A1 
a A l  
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1_1"" 
.5 
.1 
.5 
.1 
" 
.5 
.1 
In  The Pack (PI 
l0OO0C 
- 
2.63x10-' 
7 . 7 9 ~ 1 0 - ~  
- 
9 . 8  x 1 ~ - 7  
1 .02x10-8 
" 
6 . 5 3 ~ 1 0 - ~  
2 . 8 5 ~ i O - ~  
4.52xio- ' CI 
4.90x10-' 
6 . 1 2 ~ 1 0 - ~  
3 . 9 7 ~ 1 0 - ~  
7.89xlO-' 
8.9 x10-l' 
4 . 7 5 ~ 1 0 - ~  
3 . 2 1 ~ 1 0 - ~  
2 . 5 5 ~ 1 0 " ~  
2 . 4 5 ~ 1 0 - ~  
A t  The Coat ing  Surface  ( P I )  
6 . 6 3 ~ 1 0 - ~  
7.4 x ~ O - ~  1 . 4 4 ~ 1 0 "  
2.98x10-' 
6 .1  x ~ O - ~  1 . 3 9 ~ 1 0 - ~  
1 . 3 1 ~ 1 0 - ~  8 .3  x ~ O - ~  
1 . 3 0 ~ 1 0 - ~  7 . 1 3 ~ 1 0 - ~  
6 . 2  x ~ O - ~  2 . 7 9 ~ 1 0 - ~  
2 . 2 7 ~ 1 0 - ~   1 . 0 4 ~ 1 0 - ~  
1 . 2 2 ~ 1 0 " ~   5 . 4 9 ~ 1 0 " ~  
5 . 7 7 ~ 1 0 - ~   2 . 6 8 ~ 1 0 - ~  
3 . 9 1 ~ 1 0 " ~  1. ~ O X ~ O - ~  
2 . 6 4 ~ 1 0 - ~  
7 . 8 8 ~ 1 0 - ~  
1 . 0 2 ~ 1 0 - ~  
1 . 0 6 ~ 1 0 - ~  
6 . 8 3 ~ 1 0 " ~  
3. O S X ~ O - ~  
5.  1ox10-6 
5 .49x10e8 
3 . 4 2 ~ 1 0 - ~  
2 . 2 8 ~ 1 0 ~ ~  
4 . 9 4 ~ 1 0 - ~  
5 . 5 4 ~ 1 0 - ~  
4 . 7 3 ~ 1 0 " ~  
3. 1 7 ~ 1 0 - ~  
2 .4SX10'3 
2 . 3 6 ~ 1 0 - ~  
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T a b l e  VIII. E q u i l i b r i u m  p a r t i a l  p r e s s u r e  of g a s e s  i n  NaI a c t i v a t e d  
pure  A 1  packs ,  (atm.) 
A c t i v i t y  o f  Al :  
aA1 
1 .o 
1 .o 
1 .o 
1 .o 
. 5  
.1 
10- 
.5 
.1 
.5 
.1 
I n  the Pack (P)  
800°C 9oooc 
4 . 9 8 ~ 1 0 - ~  2 . 9 8 ~ 1 0 - ~  I 1 . 3 3 ~ 1 0 - ~  2 . 1 3 ~ 1 0 - ~  
1 . 9 1 x 1 0 - ~  1 . 3 7 ~ 1 0 - ~   j 5 . 7 9 ~ l C - ~  1 . 1 9 ~ 1 0 - ~  
1 . 2 2 ~ 1 0 - ~  4 .1 lx lG -10 12. 3 6 x 1 f 9  3.56x10-' 
4 . 9 5 ~ 1 0 - ~  1 . 3 3 ~ 1 0 - ~   2 . 9 7 ~ 1 0 " '  2 . O ~ X ~ O - ~  
1093OC 1000°C 
I 
A t  t h e  Coat ing S u r f a c e  
1 . 2 4 ~ 1 0 - ~  2 .o x ~ o - ~  i l . 0 6 ~ 1 0 - 3  
3 . 2 8 ~ 1 0 - ~  
1 . 4 5 ~ 1 0 - ~  16.7 x ~ O - ~  3.74x10-' 
1.26x10-' 16. 5 8 ~ 1 0 - ~  3 . 6 1 ~ 1 0 - ~  
7 . 4 2 x d  i5.7 x ~ O - ~  
3.32x10+ 5.11x10-10~3.5x10-8 
1 . 5 3 ~ 1 0 - ~  6 . 4 7 ~ 1 0   ! . 8 6 ~ 1 0 - ~  
2 . 0 4 ~ 1 0 - ~ ~  3.17x1f1':2 . 8 5 ~ 1 0 - ~  
2 . 2 6 ~ 1 0 - l ~  
4 . 4 8 ~ 1 0 - ~ ~ ~ 3 . 0 ~ 1 0  I -11 
1 . 7 3 ~ 1 0 " ~  2. Z X ~ O - ~  ! 4 . 2 9 ~ 1 0 - ~  
1 . 3 1 ~ 1 0 - ~  1.~ ~ x I O - ~  3. ~ O X ~ O - ~  
1 . 1 9 ~ 1 0 - ~   7 . 0 ~ 1 0 - ~   2 . 6 9 ~ 1  0-4 
1 .15x1 O-' 
6 . 0 8 ~ 1 0 - ~   1 2 . 6 4 ~ 1  0-4 
I 
-10 I 
" 
3 . 0 6 ~ 1 0 - ~  
8 .  S ~ X ~ O - ~  
9 .  8 4 x 1 ~ - 5  
1 .0  x10-6 
1 . 1 6 ~ 1 0 - ~  
6.24x10-' 
9 . 6 4 ~ 1 6 ~ ~  
1 . 0 2 X l c F  
- 
4 . 0 2 ~ 1 0 " ~  
2 . 8 9 ~ 1 0 - ~  
2.5 x 1 ~ - 3  
2 . 4 5 ~ 1 0 - ~  
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Tab le  I X .  E q u i l i b r i u m  p a r t i a l  pressure of gases i n  NH4c1 a c t i v a t e d  
pure A 1  packs (atm .) 
A c t i v i t y  of A1 
aA1 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
. . .. . 
~ . .  
.5 
.1 
- 
.5 
.1 
.5  
.1 
.5 
.1 
- 
.5 
.1 
c 
'9 = 
" 
! 
" 
In the Pack (P) ! 
- - . . . . .
8OO0C 
. . . .  ~ 
9oooc 1093OC l o O O ° C  
1 . 1 3 ~ 1 0 - ~  
5 . 7 5 ~ 1 0 - ~  5 . 8 3 ~ 1 0 - ~  5 . 6 0 ~ 1 0 " ~  4 . % x ~ O - ~  
1 . 1 2 ~ 1 0 - ~  2 . 3 7 ~ 1 0 - ~  4 . 2 7 ~ 1 0 - ~  7.17x10-' 
1. 36x10-1 1. 37x10-1 1. 23x10-1 3 . 2 5 ~ 1 0 - ~
7 . 9 1 ~ 1 0 - ~  4 . 8 9 ~ 1 0 - ~   2 . 8 6 ~ 1 0 - ~  
0 . 8 2 3 9 .  0.7725 0.7896 0.8053 
A t  t h e  C o a t i n g  S u r f a c e  ( P I )  
7.49x1.0- 
2 . 7 7 ~ 1 0 - ~  
6 . 3 3 ~ 1 0 - ~  
~ .. 
" 
8 .O7x1Om2 
5. S O X ~ O - ~  
2 . 8 8 ~ 1 0 - ~  
6 . 6 3 ~ 1 0 - ~  
8 . 2 5 ~ 1 0 - ~  
1 .04xl 0-1 
1. 24x10-1 
1. 37x10-1 
6 .  S S X ~ O - ~  
- - 
1 . 2 1 ~ 1 0 - ~  
2 . 7 6 ~ 1 0 " ~  
1.32xlO-' 
0.8238 
0.8236 
0.8217 
0.8199 - 
I . 9 5 ~ 1 0 - ~  
1 . 8 5 ~ 1 0 - ~  3 . 0 2 ~ 1 0 - ~  
3 . 5 7 ~ 1 0 - ~  1 . 8 2 ~ 1 0 - ~  
1 . 4 1 ~ 1 0 - ~   7 . 5 9 ~ 1 0 - ~  
3 . 4 2 ~ 1 0 - ~  
1. 14x10-1 1. 34x10-1 
B .  6 5 ~ 1 0 - ~  1 . 4 1 ~ 1 0 - 1  
4 . 9 6 ~ 1 0 - ~  7 . 3 0 ~ 1 0 - ~  
1 . 2 2 ~ 1 0 - ~  1 . 9 5 ~ 1 0 - ~  
5 . 3 8 ~ 1 0 - ~  3 . 2 6 ~ 1 0 - ~  
7 . 9 9 ~ 1 0 - ~  5 . 7 1 ~ 1 0 - ~  
1 . 1 0 ~ 1 0 - ~  9 . 2 4 ~ 1 0 - ~  
1. 34x10-1 1. 28x10-1 
7 . 6 2 ~ 1 0 - ~  8 . 1 7 ~ 1 0 ~ ~  
1 . 4 8 ~ 1 0 - ~  1 . 6 8 ~ 1 0 - ~  
3 . 5 6 ~ 1 0 - ~  4 . 2 6 ~ 1 0 - ~  
1 . 7 6 ~ 1 0 - ~  2.19x10-* 
0.8053 0.7895 
0.8050 0.7893 
0.8044 0.7885 
0.7999 0.7829 
~- 
~ . 
I____ 
3 . 7 1 ~ 1 0 - ~  
2 . 5 x ~ O - ~  
j . 7 9 ~ 1 O - ~  
3 . 7 4 ~ 1 0 - ~  
I .42xlO-l 
1. 37x10-1 
1 .ooxlo-l 
3 . 0 6 ~ 1 0 - ~  
1 .68x10e2 
3 .  5 5 ~ 1 0 - ~  
7 . 0 7 ~ 1 0 - ~  
1. 18x10-1 
8 . 3 0 ~ 1 0 " ~  
1 . 8 2 ~ 1 0 - ~  
4 . 9 3 ~ 1 0 " ~  
2 . 7 0 ~ 1 0 ~ ~  
0.7724 
0.7721 
0.7711 
0.7689 
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Table x .  Calculated  interdiffusion  coeff ic ient  (Di) for   d i f fe ren t  
gaseous sys tern . 
Gaseous 
Species 
HZ-A1F 
HZ-A1F 2 
H2-A1F 3 
H2-HF 
H2-A1C1 
H2-A1C12 
HZ-AIC1 
H2-HC1 
H2-A1 I 
HZ-A1 I 3 
H2-HI 
I 
I- 1093OC 
5.77 
5.07 
4.59 
5.52 
4.83 
3.96 
3.45 
4.16 
4.14 
2.80 
3.82 
D, cmL/sec 
I 
l0OO0C 
5.19 
4.56 
4.13 
4.96 
4.35 
3.56 
3.10 
3.74 
3.73 
2.52 
3.44 
I 9oooc 
4.59 
4.03 
3.65 
4.39 
3.84 
3.15 
2.75 
3.31 
3.29 
2.23 
3.04 
8000c 
.~ 
4.02 
3.53 
3.19 
3.84 
3.36 
2.76 
2.4@ 
2.89 
2.88 
1.95 
2.66 
i 
1 
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Table XI, Theoret ical  aluminum depos i t i on  r a t e  cons t an t  fo r  gaseous  and s o l i d  d i f f u s i o n  i n  pure 
A 1  packs a t  8OO0C (4 w/o act ivator ,  40 mg/cm3 pack A 1  densi ty)  
I Surface 
I Comp. 
a/o A 1  
60 
61 
Gasecus Diffusion Rate Constant, Kgas,  g ~ r ~ ~ c m “ h r - ~  
A1F3 
Kso l id ’  gm2cm-4hr’1 NH4c 1 NaCl 1 NaI NaF 
5 . 5 0 ~ 1 0 - ~  
6 .   8 x 1 ~ - 4  5 .42x1f7  1.37x10+ 2 . 7 8 ~ 1 0 - ~  4 . O O X ~ O - ~  
8 . 6 ~ 1 0 - ~  6 . 8 0 ~ 1 0 - ~  1 . 8 9 ~ 1 0 - ~  3.47x10-’ 5 . 0 5 ~ 1 0 - ~  
1 . 0 x l f 3  6 . 9 9 ~ 1 0 - ~  1 . 9 5 ~ 1 0 - ~  3 . 7 5 ~ 1 0 - ~  1.6 xlO” 
1 . 6 5 ~ 1 0 ”  
1.8 x ~ O - ~  
w 
P 
Table XII. T h e o r e t i c a l  A 1  d e p o s i t i o n  ra te  cons t an t  fo r  gaseous  and  so l id  d i f fus ion  i n  pure A 1  
packs a t  900°C (4 w/o a c t i v a t o r ,  40 mg/cm3 pack A 1  dens i ty )  
Surf  ace 
Comp . 
a/o A 1  
Gaseous Di f fus ion  Rate Constant,  Keas, gm cm h r  2 -4 -1 
A1F3 
3.3 x1~-4 
3.1 x1~-4 
2.8 x1~-4  
2 . 2  x 1 ~ - 4  
1. 8 5 x 1 f 4  
NaF 
3.1 x 1 ~ - 4  
3.0 x1~-4  
2 . 1  x 1 ~ - 4  
1 .7  x1~-4  
2 .  ~ S X ~ O - ~  
NaC 1 
1.1 xlo-s 
1 . 0 3 ~ 1 0 - ~  
#- 
8.8 ~ l o - ’  
7.0 x ~ C - ~  
5.8 x10e6 
Na I 
1. o ~ ~ o - ~  
9 .  5x10-6 
8 . 2 ~ 1 0 - ~  
6 . 8 ~ 1 0 - ~  
5 .5x10-6 
I 
v 
NH4C 1 
2 . 1 5 ~ 1 0 - ~  
1. S ~ X ~ O - ~  
1. 1 2 x 1 ~ - 3  
8.2 x 1 ~ - 4  
6 .8  x ~ O - ~  
5 .I x1~-7  
5.7 x 1 ~ - 7  
5.7 x 1 ~ - 5  
8 .5  x ~ O - ~  
1. 2 5 x 1 f 4  
Table XIII.Theoretica1 A1 d e p o s i t i o n  r a t e  c o n s t a n t  f o r  d i f f u s i o n  i n  and s o l i d  phases with gas d i f f e r c n t  a c t i v a t o r s  a t  1000°C (4 w/o a c t i v a t o r ,  40 mg/cm pack A 1  d e m i t y )  
j Surface 
’ Comp. i a/o AI 
I 
j 45 
” 
I 
I 
I 
i 
t 
I 
~ 
! 
I 
I 
1 
Gaseous Diffusion Rate Constant, K gm cm h r  2 -4 -1 cas ’ 
A1F3 NaF 1 NaCl 
I 
1.42~10 - 3  i 1 5.95x1c -5 
- 
T I 
I 
I 
i 
I 
- L. 
Na I 
2 . 7  xlO-’ 
r 
NH4C1 
3.2 x 1 ~ - 3  
2.3 x 1 ~ - 3  
1. 7 5 x 1 f 3  
-n 
l.2sxlo-3 
I( gm cm h r  2 -4 -1 s o l i d ’  
2 . 5  x ~ O - ~  
2 . 6 5 ~ 1 0 - ~  
3 . 2  x 1 ~ - 5  
3 . 2  xlO-’ i i 
I 
I 
- 4  ; 9.8 x10 I 5.8 x 1 ~ - 5  
ul 
w 
w or 
Table X I V .  T h e o r e t i c a l  A 1  d e p o s i t i o n  r a t e  c o n s t a n t s  f o r  d i f f u s i o n  i n  gas and so l id  phases  wi th  
d i f f e r e n t  a c t i v a t o r s  a t  1093OC (4 w/o a c t i v a t o r ,  40  mg/cm3 pack A 1  dens i ty )  
Gaseous Diffusion Rate Constant, Keas,  gm cm 2 -4h,-1 
1 45 1 1.12x10-2 
I 1 . 0 4 ~ 1 0 - ~  
' 55 1 , 7 . 9 5 ~ 1 0 - ~  ! 
1 60 I 1 6.8 x ~ O - ~  
NaF I NaCl 
5.1 x ~ O - ~  1 2 . 8 1 ~ 1 0 - ~  
4.7 x ~ O - ~  2.65~10-~ 
3 . 6 5 ~ 1 0 - ~  I 2.0 x ~ O - ~  
3 . 0 5 ~ 1 0  
2 37x10 - 3  1 1.4 x 1 ~ - 4  
i 
-3 j i 1 . 6 ~ ~ 1 0 - ~  
gm cm h r  2 -4 -1 K s o l i d '  
1,75x10-" 
2.4 x 1 ~ - 3  
Table X V .  T h e o r e t i c a l  aluminum d e p o s i t i o n  r a t e  cons t an t   fo r   gaseous   and  
s o l i d  d i f f u s i o n  i n  A1F3 ac t iva t ed  a l loy  packs .  (4  w/o a - c t i v a t o r ,  
metal: non-me ta l   r a t io ,  50:50 w/o, 1093Oc) 
PURE Ni  
SPECIMENS 
r ALUMINA PLATE LID 
PACK 
IRON 
ALUM 
POWDER 
RETORT 
INA RETORT 
t- 4.9 "I 
ALUMINA RETORT ASSEMBLY 
SLIDE 
FITTING LID 
I R O N  RETORT 
PURE Ni 
SPECIMENS 
IRON RETORT  ASSEMBLY 
(Dimensions in cms) 
PACK POWDER 
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